Within the frame of a broader activity towards the use of methane as innovative propellant for rocket engines ongoing at the Institute of Space Propulsion, the efficiency of film cooling is investigated in a capacitive cooled model combustor. The combustion pressure level as well as the film applicator geometry and the film mass flow percentage are varied. The efficiency of the ambient temperature film is determined by the thermocouples installed in the copper liner along the combustion chamber axis. The fundamental dependencies from different controlling parameters are shown. Effects linked to the transient nature of the hardware are analysed. Alternative evaluation methods, which allow to deal with the transient nature of the combustion chamber are presented. Test results show the stronger influence of the blowing rate as deciding parameter for the film cooling efficiency. Increase of the blowing rate is anyhow not always connected to an improvement of the performance of the film, but a limit value could be found.
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: blowing rate to main injector flow B * : blowing rate to methane at injector c p : specific heat capacity (J/kgK) GOX : gaseous oxygen GCH 4 : gaseous methane NHFR : net heat flux reduction n : exponent for heat flux correction n * 
Introduction
Aiming at booster as well as upper stage applications, methane represents a good alternative to classical cryogenic propellants. Due to requirement on cost reduction connected to the high operational and handling costs of cryogenic and storable propellants, hydrocarbons gain importance for the development of future European space transport systems. 1) Among the considered alternatives, methane shows better overall performance from a system point of view, 2) higher specific impulse, 3) no risks for human health, simple extractability from natural gases, and an energy density six-times higher than hydrogen, when stored in liquid state at typical tank pressures. Unlike other competitors like kerosene, which is mainly used in Russian booster engines, methane engines are however still in the stage of development. 4) For this reason a significant data base for comprensive analysis of the system is still needed.
When developing a new engine system important design criteria and goals are, besides fundamental increase of the economic efficiency, an increase in reliability and performance. These ambitious goals cannot be achieved in most cases with an extension of existing regenerative cooling systems. Reliable operation is only achieved with innovative cooling methods, like film cooling, combined with regenerative cooling, in case of high thermal loads, and pure film cooling, for engines with lower pressure levels. In rocket combustion engines film cooling is a cooling method, which aims to protect the wall against chemical attack, in the near injector region, and to reduce the impact of the hot combustion gases in high thermal load areas, like throats and uncooled nozzle extensions. In the context of the national research program Transregio SFB/TR-40 on "Technological Foundations for the Design of Thermally and Mechanically Highly Loaded Components of Future Space Transportation Systems", research activities are ongoing in order to get a deeper insight and generate a broader data base on systems operated with methane. Multi and single element com- (Received July 31st, 2015) bustion chambers, operated with gaseous methane (GCH 4 ) and gaseous oxygen (GOX), are designed and tested for this purpose. The present study aims specifically to enlarge the knowledge on film cooling systems in methane/oxygen engines for pressure levels between 1 MPa and 2 MPa, typical for small upper stage engines.
Film Cooling in Rocket Engines
In a high performance rocket engine a significant reduction of the thermal loads can be achieved, with an acceptable loss in performance and specific impulse, by the application of film cooling. To draw a conclusion about film cooling efficiency, the non-dimensional efficiency η is a widely used parameter to describe and compare film cooling results. The difference between adiabatic wall temperature T ad and hot gas temperature T cc is compared to the difference between coolant injection temperature T c and hot gas temperature, at a specific location z:
However, this definition is not fully satisfactory for rocket engine applications, since the adiabatic wall temperature exceeds in most cases the operational temperatures of the liner materials. A new definition of film cooling efficiency θ was introduced accounting only for measured wall temperatures. 5) The newly defined efficiency θ (Eq. (2)) compares the local temperature difference due to the application of film cooling with the maximum achievable temperature difference:
where T w,0 is the wall temperature without film cooling and T w, f is the wall temperature in case of film cooling. The definition of θ is more suited when comes to experimental investigations, since it makes use of direct measurable quantities. Nevertheless, both equations have the same fundamental physical meaning: describe the wall temperature reduction due to film cooling related to a theoretical maximal temperature reduction. One benefit of the adiabatic efficiency η is that it can not be negative. Instead, when evaluating non-adiabatic efficiency, it is possible to find higher wall temperatures in the case with film injection than in the reference ones. Different causes are addressed to explain such a phenomenon:
• Combustion pressure rise. Keeping the mass flow rate at the injector constant, the additional injection of mass through the film cooling produces a pressure increase in the combustion chamber and a shift of the c * , when fully mixed with the hot gas. Neglecting the variation in c * , a higher combustion chamber pressure results in an almost linear increase of the heat fluxq from the hot gas to the chamber material according to: 6) q ∝ P n cc (3) where n is a coefficient classically assumed equal to 0.8 for hydrogen-oxygen engines. This is a negative effect of film introduction, which can artificially enhance the heat transfer with respect to reference cases in which the cooling film is not applied.
• Fluid dynamical effects. The mixing process for a coaxial gas-gas injector, like the one used for the current study, is based on the turbulent mixing of the propellants caused by the shear forces between the fluids. When the coolant film is applied directly at the faceplate, it creates an additional gaseous shear layer. This shear layer, if close enough to the injector, will cause the change in the turbulence level of the flow close to the injection point. The initial coaxial gas-gas injector mixing process will than be enhanched by this additional shear forces. This enhanced near injector mixing will influence the reaction process, and modify the local heat release and finally result in a shortening of the flame.
• Reaction of the coolant fluid. The fluid injected as coolant film is progressively entrained into the main stream. The mixing of the hot gas with the film causes a change of the local chemical equlibrium of the flow. Consequently, compared to the case without film, the local concentration of the species is alterated and some additional reactions are favoured with a correlated change of the local temperature. Both phenomena,the change in composition and temperature of the hot gases, will influencing the heat transfer to the combustion chamber walls.
All these effects should be taken into account in order to correctly estimate the effectiveness of film cooling in a model rocket combustion chamber. Due to the high complexity of some of the presented aspects, an experimental data analysis is not fully comprehensive and more complex numerical analyses are needed to cover all aspects.
Experimental setup
In this section a description of the instrumented single element rocket chamber, injector geometry, flow conditions and data analysis procedures, used for the film cooling characterization, is presented.
Combustion Chamber
The presented test campaign is performed using a modular single element heat-sink combustion chamber with an inner square cross section, designed for a testing time of up to 4 s at a chamber pressure of 2 MPa. The single element rocket combustion chamber is depicted in Figure 1 . The inner chamber dimensions are shown in Table 1 . A heat sink chamber design was preferred for research purposes because of its simplicity, low structural costs, ease to manufacture and high accessibility for thermocouple installation. Specifically, the geometry of the combustion chamber is believed to be especially suited for numerical validation of film cooling models since most models are based on flat plate experiments. In addition to classical experimental set-ups used for model validation, the use of the described hardware allows the application of rocket-engine-like boundary conditions. The material used for the chamber segments and the nozzle segment is oxygen-free copper (Cu-HCP). For the current study, a single shear coaxial injector element is integrated. Gaseous oxygen is injected through the central tube, while the gaseous methane is ejected through the circular surrounding annulus. For simplicity, the GOX post is flush mounted with respect to the injection face (no recess). To ensure homogeneous injection conditions, in terms of temperature, pressure and velocity profile and to reduce the influence of the upstream feed lines, two porous plates are placed in the oxidizer and fuel manifolds. Thermocouples are embedded at a series of evenly distributed axial points to determine the temperature field in the chamber walls. Type T thermocouples of 0.5 mm diameter are located within the chamber wall with 1 mm, 2 mm and 3 mm distance to the hot wall and they are referred as thermocouple clusters. Four of these clusters are placed in the combustion chamber wall. The thermocouples are kept in position by a spring loaded system. The spring loading of the thermocouples provides a constant force of about 2 N, which ensures a continuous contact between the thermocouple tip and the base of the hole. This setup aims to minimize the chance of potential loss of contact as the material undergoes expansion and contraction due to changes in temperature or vibrations during the hot run. 7) Additionally, the down wall of the combustion chamber is equipped with two surface thermocouples and two 0.5 mm wall thermocouple, in corresponding axial positions opposite to the upper wall thermocouples.
Together with temperature measurements, the hardware allows a detailed determination of the pressure decay along the combustion chamber axis via a regular path of pressure transducers (PC 0 to PC 8 ) installed in the side walls. More details about the experimental set-up can be found in previous publications. 8) 
Film coolant injection
For film cooling investigations, the injector-head face plate is equipped with a film applicator in the upper part as shown in Figure 2 . The film applicator injects the coolant along the upper surface of the combustion chamber, uniformly over the 90% of the combustion chamber width. No segmentation of the inlet channel and tangential flow of the coolant provide ideal conditions for the injection. Furthermore, to ensure two-dimensional flow characteristics a length-to-height ratio of the film coolant slot of about ≈ 10 is arranged. Since a detailed knowledge of the injected film temperature is essential for film cooling investigations, a thermocouple is installed in the film injection manifold to measure the film temperature T c just before the film coolant enters the combustion chamber. The thermocouple and the pressure transducer to measure the inlet conditions of the film are installed in a area further upstream the actual injection as shown in Figure 2 . Secondary phenomena like Joule-Thomson effect connected to the pressure drop in the remaining injection channel and the convective heat transfer to the combustion chamber walls could modify the actual values of the injection conditions. Such variations are for the present study neglected, since the error introduced by such effects are considered inferior to the measurement errors. Because of the modular design, it is possible to change slot geometry of the film-coolant slot in a easy way by interchanging the film applicator. For the present experimental work two different slot geometries (A, B) of different heights are tested. Table 2 gives an overview of the main dimensions. 
Operating conditions
To collect a wide range of information over the governing mechanisms for film cooling with gaseous methane in a high pressure combustion chamber, the following parameters are varied during the test campaign. Different mass flow rates of coolantṁ c are injected at a constant combustion pressure levels to analyze the influence of blowing ratio B on the cooling performance. To investigate the physical implications due to different thicknesses of the cooling film, two geometries of the film cooling slot are installed and tested first for equal coolant mass flow rate and then for similar blowing rates. For both slot configurations (A and B) tests at two different pressure levels are performed (1 MPa and 2 MPa). The propellants are supplied at ambient conditions and the injection temperature of the coolant is not activelly controlled. The ROF at the injector is kept constant during the complete test campaign and equal to 3.0, since no influence due to the variation of the mixing process at the injector is desirable. A reference case with no film coolant injection is performed by replacing the film applicator by a dummy, for equal pressure level and ROF. Table 3 and Table 4 give an overview of the film cooling parameters for slot A and slot B and summarize the film cooling characteristics by means of two of the widely employed figures: the blowing ratio B * and the velocity ratio VR * . However, since the focus of the analysis is on the film cooling performance in the near injector region, in contrast to their classical definition, they are modified in context of the present work and the coolant characteristics are compared to the one of methane at the coaxial injector,instead than to the ones of the fully combusted gases, according to the Eq. ( 4):
Furthermore, for the specific hardware set-up, the film is injected into a developing flow region, where the chemical reactions as well as the hot gas properties are evolving. The long reaction region, observed during previous investigations, 8) further supports this choice. Therefore the original definitions are modified such that they represent the initial conditions at the onset of the interaction between film and main flow.
Tab. 3 and Tab. 4 show additionally the variation of some of the hot-gas conditions, like pressure and total mass flow rate, compared to the one of the no-film cooling case. The variation are expressed in percentage relatively to the reference case, without injection of the coolant film.
The use of a heat sink hardware limits the duration of a firing test, so a burn time of approx. 3 s is chosen to reach stable chamber operation, required for the thermal load measurements. Each of the operating points is run at least two times to ensure the repeatability of the recorded test data. An agreement within 2% is obtained for all load points. To minimize the influence of the igniter on the temperature measurements, the igniter runs at minimum power for only 300 ms. A typical example of a chamber pressure and temperature output is shown in Figure 3 
Experimental results
To analyze the effect of the injection of the gaseous methane coolant film in the combustion chamber, only the temperature reduction for the thermocouples installed at 1 mm distance from the hot wall during the time interval t 1 is evaluated. Secondary analyses are performed using the information obtained from the clusters and the wall thermocouples installed in the bottom of the chamber. However, due to the transient nature of the hardware, absolute wall temperature can be misleading since a difference in the starting conditions could be encountered. In order to be able to compare tests with different initial conditions, the experimental results are evaluated in terms of increase of temperature during the hot run T * :
It has to be underlined that, for the temperature levels experienced during the present test campaign, the variation in specific heat capacity c p of the copper material is negligible. Asserted that the variation in starting temperature is not bigger than 1%, the results can be considered valid with an equivalent accuracy level and suited for the correct evaluation of film cooling phenomena. Furthermore, strictly relying on experimental data, the temperature T * is corrected for the change in chamber pressure due to the additional injection of mass, as stated in Section 2.. The approach is inspired from previous experimental works. 9) By means of previous test campaigns where no injection of film coolant is foreseen, an exponent n * , similar to the one presented in Eq. (3), can be established. Assuming that the varing parameter in the tests is the combustion chamber pressure P cc , it is possible to write for the temperature measured by the thermocouple a dependency of the kind:
The sub-index i makes reference to each test in which only the chamber pressure is changed and K i is a function of all other combustion parameters. For every measurement position and for every pressure level, the data are plotted in a logarithimic based diagram Figure 4 . Lineary fitted according to Eq. (6) and, by means of an error minimization algorithm, the desired correction exponent can be determined. The temperature increase 
The values calculated values for the exponent along the combustion chamber axis are shown in Figure 5 , for a combustion chamber pressure between 10 and 20 MPa . The central area (120 mm-170 mm) of the combustion chamber shows a steep gradient, which suggests a major sensitivity of the wall temperature level to pressure variations. The coefficient reflects the change of the near wall gas composition and its impact in themophysical properties of the reacting gases and their correlation to the heat release. To comprehensively evaluate the results obtained with the introduction of the coolant film, the film cooling efficiency θ has to be assessed. The peculiarities of the described hardware do not allow the direct use of Eq. (2) but a more general definition for transient data has to be elaborated which accounts for potential differences in the starting conditions in order to keep the physical meaning. From the well-known definition of θ described in Eq.(2) the difference in initial temperature of the hardware for the film cooling and reference case (T w, f (z, t 0 ) − T w,0 (z, t 0 ) is subtracted, from both the numerator and the denominator. The result is a generalized definition of efficiency θ * :
As can be noticed from Eq. (8), if the initial temperatures of all tests are identical or if θ * is evaluated in a steady state hardware, then (T w, f (0, z) = T w, f (t 1 , z)) and Eq. (8) becomes Eq. (2). Finally, this approach allows to evaluate the film cooling tests not in terms of absolut temperature but in terms of energy intake.
An important remark should be given about the choice on the evaluation time. The time at which the thermocouple readings are evaluated for the film cooled and not-film-cooled tests must be identical in order to not introduce additional uncertainties.
A similar correction for the change in pressure level, as the one already seen in Eq. (7), is also implemented for θ * , like already done for the NHFR.
9) The numerator of Eq. (8) represents the local temperature difference due to the film coolant application and it is the candidate for the pressure correction. The denominator instead represents the coolant maximum temperature potential of the film and it is not affected by variations induced by the increase of combustion pressure. The final expression for θ * is reported in Eq. (9).
The presented correction shows its major effect far downstream the face plate, rising the last section of the efficiency curves where the full mixing of the film coolant has a stronger impact. It is to be noticed that these pressure corrections are needed since, like reported in Tab. 3, the increase can reach up to 10% of the pressure of the reference case.
In general the efficiency of film cooling in a rocket combustion chamber is dependent on a multitude of geometrical (slot height, slot width, injection angle), fluid-mechanical (blowing rate, ratios of momentum flux and boundary layer thickness, turbulence level and Reynolds number) and thermodynamical parameters (pressure, temperature and relative ratios). In the frame of the present experimental study some of these dependencies are investigated in the next section.
Influence of the blowing ratio
The first parameter to be investigated is the blowing rate B * , which describes the flow impulse exchange of the coolant film with the hot gas stream. Variations of this parameter are obtained by keeping constant the geometry of the film applicator and varying the coolant mass flow rate injected.
Changes in the pressure levels have no influence on the blowing rate in case of a gas-gas injection. For this reason when analyzing the influence of this parameter, only results from a 1 MPa case are shown. Furthermore, it has to be underlined that the reported percentage of film coolant is always calculated with reference to the corresponding mass flow rate of methane at the injector.
For the present investigations, the influence of the blowing rate B * is clearly visible in Figure 6 . The heat up of the chamber is shown corrected with the corresponding pressure increase, as described in Eq. (7). Generally, higher values of the blowing rate (increase in film mass percentage) directly result in a more pronounced temperature decrease. The impact of the coolant flow is not only noticeable in close vicinity to the injection point but also further downstream. However, as can be seen also in Figure 7 .a, the coolant efficiency saturates in the near injector region for an increasing value of the film cooling mass, when the blowing ratio is higher than 1 (50% case). The 50% case shows indeed, in the first part of the combustion chamber, an efficiency lower than the 30% coolant mass injection case. Such a behaviour has to be expected, since the shear forces between the coolant film and the neighbouring flow of methane are increased. The increase of the impulse interchange, to value for which the film is having higher injection velocity than the adjacent flow, is adverse to the stability of the coolant boundary layer since it favors the displacement of the hot gases towards the combustion chamber wall. Previous studies estimate, in the case of tangential injection, a critical value for this parameter and show a clear connection between a decrease of the cooling performance and B > 1.
10) 11)
To summarize, although the influence of the film blowing rate B * on film cooling efficiency θ * is dependent on the axial position, a clear link between those two parameters is stated. A linear connection between the film cooling blowing rate and the film cooling efficiency can be assumed in the investigated range of parameters. Figure 7 depicts the film cooling efficiency θ * along the combustion chamber axis for the investigated pressures P cc =1 MPa and P cc =2 MPa, using a slot height of 0.25 mm. The film cooling efficiency of the 1 MPa and 2 MPa pressure levels decreases similarly in the downstream direction. Maximum efficiency appears close to the injection point, subsequently followed by the typical decay characteristic reported by different authors.
Influence of combustion chamber pressure
12)-14) It has to be underlined that the results obtained from the first thermocouple position are misleading due to the influence introduced by the heat sink represented by the 29 mm of the copper segment upstream to the face plate, as shown in Figure 1 .
For the specific hardware set-up the decay is however stronger than a predicted decay reported in most of literature for the boundary layer zone. The film cooling efficiency shows tendencies of z/s −1 , compared to the classical z/s −0.8 . The injection of coolant film only at the upper combustion chamber wall and the capacitive nature of the hardware allow for transversal heat transfer from the uncooled walls. This additional transversal heat flux is a cause of a steeper decrease of the film cooling efficiency.
The film cooling efficiencies presented in Figure 7 are calculated making use of the measurements acquired by the wall thermocouples positioned at 1 mm distance from the hot gas surface. To evaluate the error introduced by the use of sensors which are not flush mounted to the hot gas wall, the efficiency θ * is recalculated with the reconstructed temperature of the hot gas side. To recalculate the value of the hot wall temperature a gradient method is used which assumes that, in absence of heat sources inside the wall or temperature gradient in time, the Eq. (10) holds:
By assuming quasi-steady state condition in the evaluation time interval t 1 , the measurement readings from the cluster thermocouples, positioned at different distance from the hot surface like shown in Figure 1 , are used to obtain the temperature gradient in the chamber wall and consequently the correlated heat flux. Since the pitch between them is small enough, they can be considered at the same axial position. The availability of three measurement points allows the use of a second order interpolation curve to fit the temperature measurements. The use of a higher order interpolation profile can better represent the effects of conduction in the solid due to asymmetry. Figure 8 shows the good agreement between θ * computed with the thermocouples at 1 mm in the wall and the one computed with the estimated surface temperatures, indicated with the dashed line. Deviations are about 20% in close proximity to the film injection point, with a fast decrease and an approach to the values obtained from the wall temperature measurements further downstream. Further analyses are performed in order to characterize secondary effects driven by the presence of film cooling in the combustion chamber. Wall thermocouples are installed in the upper and lower part of the combustion chamber in corresponding axial positions (Figure 1 ). The readings of the thermocouples at z=68 mm (TCLX41) and in the one at z=102 mm (TCLX61) are reported for the two different pressure levels and the different percentages of cooling mass flow injected in Figure 9 . Although temperature differences between the described measurement points are recognizable already for the reference test, a temperature increase in the bottom part of the chamber is observed during the film cooling tests already for small percentages of film. The temperature increase becomes more significant for higher coolant mass flow rates. Such a phenomena is attributed to the displacement of hot gas caused by the presence of the additional relatively cold mass of the coolant methane. The increase in deviation of the measured temperature for the film cooling test in the bottom part of the combustion chamber axis compared to the reference case shows a dependency to the axial position. Proceeding along the combustion chamber the enhancement of the wall temperature appears stronger. The hot gas flow, which is deviated from the film flow, is having increasing temperature proceeding along the combustion chamber axis, so the impact of the displacement caused by the film on the temperature readings is consequently stronger. To conclude, the influence of the combustion chamber pressure on axial film cooling efficiency is comparatively small for the investigated pressures within the scope of the present study. Figure 7 also emphasizes the dominant influence of the blowing rate on film cooling efficiency.
Influence of slot height
When changing the height of the slot for the injection of the film, two effects of two different parameters can be observed, depending on the injection conditions. First, changes of the injector slot height affect the blowing rate B * , when the injected mass is kept constant. Second, if instead the mass of coolant is changed accordingly to keep the velocity of the film at the injection equal, the change in slot geometry, as shown in Figure 2 , only influences the thickness of the film layer generated, keeping the blowing rate constant. Both variations modify the cooling capability of the coolant film. Figure 10 compares the results in terms of film efficiency θ * for the geometries A and B of the film applicator, with a combustion pressure of 2 MPa in Figure 10 .a , and in Figure 10 .b for 1 MPa. For the geometry B only one percentage of film coolant (30%) is considered. It is worth to notice while analysing Figure 10 , that the cases with 30% film cooling mass flow for the slot B have a similar value of B * as the cases with 20% for the slot A, as reported in Table 3 and 4. When comparing the two geometries for the same percentage of film cooling mass flow (30%), the film cooling efficiency shows much lower values and much faster decay for thicker slot geometry (slot B). The decreased efficiency and faster vanishing of the cooling effect can be directly linked to the almost halved injection velocity of the coolant fluid and consequently smaller B * .
Similar coolant properties in the near injection region are instead shown by the 20% film coolant injection with the slot A and the 30% coolant mass flow for the slot B. The similarity in the coolant behavior is addressable to similar values of the blowing ratio. The predominance of the blowing ratio as crucial parameter for the film cooling efficiency is already largely observed in many experimental studies.
12) 15) Nevertheless, for these two tests a different film cooling efficiency decay is observable, that can be explained as a consequence of the higher impulse of the film coolant for slot B, which would favour the interaction of the film coolant with the main flow. In particular it is worth noting a zone with negative values of film efficiency for z/s>100, which is strongly pronounced for the 2 MPa case. This phenomenon is visible and much stronger for a thicker cooling film (slot B), while it is negligible for the slot A. The dependency of the coolant efficiency from the slot geometry, while keeping constant the blowing rate at the injection, indicates that the different slot geometries favor a different mixing mechanism with the main stream.
Differently from previous studies, due to the relative small dimensions of the chamber, the film thickness occupies up to the 4% of the complete cross section. Such a thick boundary layer generates an additional transversal component to the flow, which enhances 3D effects. The displacement of hot gas, induced by the film, generates additional turbulent disturbancies that favour mixing processes, with consequent transport of the hot gases to the combustion chamber wall and justifies the increase of heat flux in this region. Furthermore, like underlined in Section 2., the presence of an additional shear layer in the proximity of the injector has an influence on the mixing mechanism of the gas-gas coaxial injector and causes a shortening of the flame with consequent desplacement of the maximum heat release zone further upstream, if compared to the case without film cooling. Such thesis, as justification of the observed behaviour in Figure 10 .a, is supported by the results reported in Tab. 4. It can be observed that, differently from the other reported load points,for the case of injection of 30% of film coolant with the slot B the increase of combustion chamber pressure is higher than expected, since higher than the increase in total mass flow rate. This increase can only be justified by a change of the mixing process at the injector.
No relevant differences are highlighted by the two pressure levels, which show comparable behaviors in terms of cooling efficiency and decay.
What can be finally deduced is that, the thickness of the coolant injection slot demostrate to play a role in film coolant length and induction of secondary film cooling effects. B * shows also in this case to be a critical parameter for the film cooling design and to play a critical role in controlling the efficiency of the injected film.
Conclusion
The present study gives a detailed overview of a variety of parameters influencing film-cooling efficiency. Tangential slot injection is investigated for application relevant conditions for chamber pressures of 1 MPa and 2 MPa, using a GOX/GCH 4 fired capacitive cooled model combustion chamber. GCH 4 with ambient temperature is applied as film coolant. Specially de- veloped tools are used to evaluate the results for the transient experiments. A new definition of film cooling efficiency is presented and an empirical correction for the change in combustion chamber pressure is introduced.
The experimental results confirm the dominant influence of the injector blowing rate B * on film cooling efficiency. An increase of the blowing rate results in a direct improvement of the local film cooling efficiency θ * , especially in the near injector region. A saturation of the film cooling potential is instead observed for B * > 1. An inversion of the trend is shown downstream, in the second half of the combustion chamber, where the probability of complete mixing of the coolant stream with the main stream is higher. Generally speaking, an increase in slot thickness results in a direct decrease in film-cooling efficiency. The increase in thickness results, for constant mass flow rate, in a decrease in blowing ratio B * and a faster disruption of the coolant layer. Secondary flow effects, correlated to the displacement induced on the hot gases by the coolant film, are observed for both slot geometries and appear more pronounced in case of the heigher slot height B. More detailed numerical simulations to get a deeper insight in such phenomena will follow. Furthermore, the data set generated with the current experimental work is used for the validation of film cooling models within the inhouse tool Thermtest. 16) The results obtained will be presented in further publications.
